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HIGHLIGHTS 


•  A  news  process  is  developed  for  preparation  of  conductive  carbon  coated  LiFeP04. 

•  Nature  of  carbon-coating  plays  a  critical  role  in  the  electrochemical  performance. 

•  Mossbauer  spectroscopy  identifies  the  presence  of  amorphous  impurity  phases. 

•  Lower  concentration  of  impurity  phases  led  to  a  better  electrochemical  performance. 

•  LiFeP04  made  in  presence  of  lauric  acid  may  be  a  promising  material  for  lithium  secondary  batteries. 
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The  application  of  lithium  iron  phosphate  as  positive  electrode  material  for  lithium  ion  batteries  has  been 
challenged  by  its  poor  electronic  conductivity.  To  improve  its  conductivity  and  electrochemical  perfor¬ 
mance,  we  have  synthesized  LiFeP04/C  composite  cathode  materials  by  sol  gel  technique  using  long 
chain  fatty  acids,  such  as,  lauric,  myristic,  and  oleic  acids,  as  surfactants  for  carbon  coating.  The  phase 
purity  of  the  three  LiFeP04/C  composites  was  confirmed  by  X-ray  diffraction.  The  Raman  spectroscopy, 
scanning  electron  microscopy  and  transmission  electron  microscopy  measurements  show  that  the  sur¬ 
factants  coat  the  LiFeP04  particles  with  carbon  with  varying  degree  of  uniformity  depending  on  the 
surfactant  used.  The  sample  prepared  in  presence  of  lauric  acid  shows  smaller  particle  size  and  the 
lowest  charge  transfer  resistance,  higher  Li-ion  diffusion  coefficient,  higher  discharge  capacity 
( ~  155  mAh  g-1  at  C/3  rate),  better  rate  capability  and  cyclic  stability  compared  to  the  other  two  samples. 
We  found  the  smaller  particle  size,  uniformity  of  carbon  coating,  reduced  agglomeration,  and  a  lower 
amount  of  Fe3+  impurity  phase  in  the  samples  to  be  major  contributing  factors  for  better  electrochemical 
properties  in  the  LiFeP04/C  cathode  material. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  iron  phosphate  (LiFeP04)  has  been  intensely  investi¬ 
gated  since  it  was  proposed  by  Padhi  et  al.  [1  ]  as  a  possible  cathode 
material  for  Li-ion  rechargeable  batteries.  The  olivine  structured 
LiFeP04  has  a  remarkable  thermal  stability,  a  relatively  high  theo¬ 
retical  specific  capacity  of  170  mAh  g1  and  a  flat  charge-discharge 
profile  at  ~3.4  V  vs.  Li+/Li  1,2].  In  addition,  it  is  inexpensive  and 
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environment  friendly  compared  to  cobalt-oxide-based  materials, 
particularly,  for  large-scale  applications  such  as  hybrid  electric 
vehicles  (HEV)  and  plug  in  electric  vehicles. 

Despite  the  highly  desirable  properties  of  LiFeP04  as  a  cathode 
material,  it  has  been  difficult  to  utilize  its  full  potential  due  to  its 
intrinsic  poor  electronic  conductivity  which  leads  to  high  imped¬ 
ance,  low  capacity,  poor  rate  capability,  and  low  diffusion  rate  of  Li+ 
ion  across  the  LiFeP04/FeP04  boundary  [3].  Large-size  Li-ion  bat¬ 
teries  in  electrical  vehicles  and  hybrid  electric  vehicles  require  high 
power  density  (high  rate),  high  energy  density  (extended  range), 
and  must  meet  the  strict  safety  regulations.  In  order  to  meet  the 
requirements  of  these  energy  storage  devices,  considerable  efforts 
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have  been  made  to  increase  the  conductivity  of  LiFeP04  by 
decreasing  its  particle  size  down  to  nanometers  [4-7],  and  coating 
with  electronic  conducting  agents  [8-12].  It  has  also  been  shown 
that  doping  LiFeP04  with  supervalent  ions  improves  its  electrical 
conductivity  13-16]. 

Carbon  coating  is  one  of  the  most  commonly  used  methods  for 
enhancing  the  electrical  conductivity  and  the  electrochemical 
performance  of  LiFeP04.  The  major  role  of  the  carbon  coating  is  not 
only  to  significantly  increase  the  electrical  conductivity,  but  also  to 
control  the  particle  size  by  inhibiting  the  particle  growth.  The 
smaller  particle  size  would  be  favorable  for  shortening  the  diffusion 
length  of  lithium  ions.  It  has  been  found  that  the  electrochemical 
properties  of  LiFeP04  are  strongly  influenced  by  the  quality  of  the 
carbon  coating,  amount  of  carbon,  the  degree  of  graphitization, 
morphology  and  the  distribution  of  the  carbon  on  the  LiFePCU 
surface  and  in  the  grain  boundaries  [17,18].  The  degree  of  graphi¬ 
tization  of  the  carbon,  which  is  mainly  determined  by  the  carbon 
source  used,  is  one  of  the  important  factors  for  the  conductivity  and 
rate  behavior  of  LiFePCU  [19,20].  The  sp2  carbon  coating  is  much 
more  effective  than  sp3  carbon  for  improving  electrical  conduc¬ 
tivity  [21  ],  and  LiFePCU  coated  with  more  graphitic  carbon  shows 
higher  conductivity  and  exhibits  better  electrochemical  properties 
[22].  The  ratio  of  carbon  in  disordered/graphitic  (D/G)  is  often 
determined  by  the  intensities  of  the  Raman  bands  associated  with 
sp2/sp3  vibrations  [21]. 

Many  carbon  sources  such  as  sucrose  [23],  carbonaceous  poly¬ 
mers  [24],  aromatic  diketones  [25],  carbon  rich  precursors  [26],  have 
been  used  in  the  past  to  coat  LiFePCU  particles.  Different  methods  for 
carbon  coating,  such  as  adding  vapor  grown  carbon  fibers  [27], 
carbon  nano  tubes  [28]  and  graphene  sheets  [29]  have  been  used  and 
the  results  indicate  that  the  carbon  precursors  have  a  strong  influ¬ 
ence  on  the  properties  of  the  LiFePCU/C  composites  [30].  It  has  been 
shown  that  the  amount  of  carbon  has  a  profound  influence  on  the 
specific  capacity  of  LiFeP04  and  is  found  to  increase  with  increasing 
carbon  content  up  ~  12%  and  a  further  increase  in  carbon  leads  to  a 
rapid  decrease  in  specific  capacity  [31,32].  Several  explanations  have 
been  proposed  for  the  poor  performance,  such  as,  the  amorphous 
carbon  diluting  the  density  of  the  crystallite  LiFePC^,  the  excess 
carbon  suppressing  the  formation  of  crystalline  LiFeP04,  and  the 
formation  of  Fe2P  phase  due  to  reduction  of  Fe  and  P  because  of  high 
carbon  content  and  the  high  temperature  used  for  preparing  the 
samples.  It  is  therefore  very  important  to  have  the  correct  amount  of 
carbon  for  optimizing  the  electrochemical  properties  and  perfor¬ 
mance  of  LiFeP04  cathode  material. 

Further,  the  thickness  of  carbon  coating  has  been  shown  to  play 
an  important  role  in  determining  the  conductivity  of  LiFePC^.  A 
thickness  of  3-8  nm  seems  to  be  optimum  in  producing  the  best 
discharge  capacity  due  to  the  easy  diffusion  of  lithium  ion  [33,34].  A 
number  of  organic  precursors  have  been  used  for  carbon  coating, 
including,  sucrose,  glucose,  organic  carboxylic  acid,  citric  acid  and 
other  organic  reagents  due  to  their  low  calcinations  temperatures 
[35-37]. 

In  any  chemical  reaction,  surface  of  the  material  plays  an 
important  role.  The  surface  properties  of  LiFePC^  are  unknown, 
whether  it  is  polar  or  non  polar,  hydrophobic  or  hydrophilic, 
depend  on  the  synthesis  technique  and  the  nature  of  the  material 
used  for  coating.  An  organic  material  with  multiple  functional 
groups,  such  as  surfactants,  can  favorably  interact  with  the  complex 
surface  structure  of  LiFeP04  very  well  because  the  surfactants  are 
surface  active  compounds  that  are  amphiphiles  which  consist  of  a 
polar  ionic  or  non-ionic  head  and  hydrophilic  tail.  Most  surfactants 
are  carbon  rich  materials,  such  C12  and  C14  fatty  acids,  and  in  some 
studies  olive  oil,  soybean  oil  and  butter  have  been  used  for  carbon 
coating  LiFeP04  [38].  Fatty  acids  can  coat  LiFeP04  in  different  ways, 
including  micelle  or  reverse  micelles  or  their  long  chains  can  wrap 


around  the  active  material.  It  is  of  interest  to  study  the  effects  of 
coating  with  saturated  and  unsaturated  fatty  acid  and  determine 
the  effects  on  uniformity  of  carbon  coverage,  particle  size, 
morphology,  and  rate  capability  of  the  cathode  material. 

The  other  factor  that  influences  the  properties  and  performance 
of  LiFeP04  as  a  cathode  material  is  the  presence  of  the  impurity 
phases.  Impurity  phases,  with  higher  conductivity,  that  precipitate 
at  the  grain  boundaries  have  been  shown  to  improve  rate  capability 
[39-41].  Flowever,  the  effect  of  impurities  on  electronic  conduc¬ 
tivity  and  electrochemical  performance  is  poorly  understood  as 
some  impurities  favorably  impact  electronic  conductivity  and 
electrochemical  performance  whereas  others  affect  adversely.  It  is 
generally  observed  that  most  impurities  that  appear  as  Fe  (III)  ion 
prevent  LiFeP04  from  achieving  its  optimum  performance. 

In  this  study,  we  have  investigated  LiFePC^/C  composite  mate¬ 
rials  prepared  by  sol-gel  technique  using  lauric,  myristic  and  oleic 
acids  as  surfactants  for  carbon  coating.  Lauric  acid  (C12H24O2)  and 
myristic  acid  (C14FI28O2)  are  saturated  fatty  acids  with  no  — C=C— 
double  bonds  whereas  the  oleic  acid  (C18H34O2)  is  a  mono- 
unsaturated  fatty  acid  containing  one  double  bond.  These  fatty  acids, 
which  differ  in  chain  length  and  chemical  bonds,  may  assist  the 
formation  of  nano-sized  LiFeP04  particles,  influence  the  nature  of 
carbon  being  deposited  on  these  particles  affecting  the  electronic 
conductivity,  and  hence  the  electrochemical  properties  of  LiFePC^/C 
composites.  The  structural  and  physical  properties  of  LiFePOzi/C 
composites  were  characterized  by  X-ray  diffraction  (XRD),  trans¬ 
mission  electron  microscopy  (TEM)  and  scanning  electron  micro¬ 
scopy  (SEM),  and  Raman  Spectroscopy.  57Fe  Mossbauer 
spectroscopy  has  been  used  to  identify  the  Fe  (III)  impurity  phases. 
The  electrochemical  properties  (charge  transfer  resistance,  Li-ion 
diffusion  coefficient,  charge/discharge  capacity,  rate  capability  and 
cyclic  stability)  have  been  measured  and  correlated  with  their  par¬ 
ticle  size  and  morphology.  We  find  the  particle  size,  morphology, 
quality  of  the  carbon  coating,  and  the  impurity  phases  significantly 
influence  the  electrochemical  behavior  of  the  cathode  materials. 

2.  Experimental  detail 

2  A.  Synthesis  procedure 

LiFeP04  and  carbon  coated  LiFeP04/C  samples  were  prepared  by 
sol-gel  technique,  by  mixing  CH3CO2U  •  2H2O  (lithium  acetate 
dihydrate,  99%,  Alfa  Aesar),  FeCl2-4Fl20  (ferrous  chloride,  Fisher 
Scientific),  and  P2O5  (phosphorous  pentoxide,  Fisher  Scientific)  as 
precursors  in  stoichiometric  ratio.  We  separately  dissolved  1.990  g 
of  ferrous  chloride  and  0.708  g  of  phosphorous  pentoxide  each  in 
10  ml  of  ethanol  (200  proof).  These  solutions  were  mixed  together 
under  nitrogen  environment  and  stirred  for  3  h  for  homogeneous 
mixing.  We  also  dissolved  1.019  g  of  lithium  acetate  in  10  ml  of 
ethanol.  The  lithium  acetate  solution  was  added  to  the  previous 
mixed  solution  of  ferrous  chloride  and  phosphorous  pentoxide  and 
stirred  under  nitrogen  environment  for  another  3  h  to  allow  the  sol 
formation.  For  preparing  the  carbon  coated  samples,  we  dissolved 
separately  1.500  g  of  lauric  acid,  1.710  g  of  myristic  acid,  and  2.115  g 
of  oleic  acid  (LA,  MA  or  OA),  each  in  10  ml  of  dry  ethanol.  The 
selected  surfactant  was  then  added  to  the  above  final  mixture  and 
stirred  for  another  3  h  under  nitrogen  environment.  The  resultant 
sol  was  then  dried  at  80  °C  to  form  dry  powder  which  was  then 
ground  and  annealed  under  reduced  environment  of  H2  (10%)  and 
Ar  (90%)  at  600  °C  for  5  h.  Carbon  content  of  the  samples  was 
measured  by  CHN  elemental  analyzer,  where,  the  sample  is  com¬ 
busted  in  a  pure  oxygen  environment;  the  gases  are  carried 
through  the  system  by  helium,  converted  and  measured  as  CO2, 
FI2O  and  N2.  The  product  gases  are  separated  under  steady-state 
conditions  and  are  detected  by  thermal  conductivity.  The  overall 
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carbon  content  was  found  to  be  approximately  8%  in  these  three 
samples.  In  what  follows,  we  refer  to  the  samples  prepared  with 
lauric,  myristic  and  oleic  acids  as  sample  A,  B,  and  C,  respectively, 
and  the  bare  LiFeP04  without  any  additive  as  sample  D. 

2.2.  Characterization 

XRD  patterns  of  the  samples  were  recorded  using  a  Rigaku  Mini¬ 
flex  600  powder  diffractometer.  Raman  spectra  of  the  samples  were 
measured  using  a  Jobin-Yvon  Horiba  Triax  550  spectrometer,  a 
liquid-nitrogen  cooled  charge-coupled  device  (CCD)  detector,  an 
Olympus  model  BX41  microscope  with  a  100  x  objective,  and  a  Modu- 
Laser  ( Stellar- Pro-L)  Argon-ion  laser  operating  at  514.5  nm.  The  laser 
power  at  the  sample  was  maintained  at  very  low  level  ( - 1  mW)  to 
avoid  any  sample  heating  effects.  Each  spectrum  was  averaged  over 
three  accumulations  with  10  s  integration  time.  The  resolution  of  the 
spectrometer  using  1200  grooves  mm-1  grating  was  -3.5  cm-1.  The 
morphology  of  the  bare  and  LiFeP04/C  powders  was  investigated 
using  a  JSM-6510-LV-LGS  SEM  and  JEOL  2010  TEM  instruments. 

57Fe  Mossbauer  spectra  were  recorded  in  the  transmission  ge¬ 
ometry  using  both  sides  of  a  (Wissel)  transducer  coupled  to  57Co  in 
Rh  matrix  source  of  about  50  mCi  and  256  channels  of  a  multi¬ 
channel  analyzer.  The  velocity  calibration  and  the  linearity  verifi¬ 
cation  were  performed  using  a  thin  iron  foil.  For  Mossbauer 
measurements,  approximately  70  mg  of  the  sample  was  uniformly 
dispersed  in  a  Teflon  circular  cell  of  1.7  cm  diameter.  The  isomer 
shift  values  are  reported  with  reference  to  a-Fe  foil.  The  spectra 
were  least  square  fitted  with  MossWin  program. 

The  electrochemical  properties  were  measured  using  a  standard 
CR2032  coin  cell  geometry  with  lithium  metal  as  an  active  anode. 
The  fabrication  details  of  the  electrochemical  cell  are  described 
elsewhere  [42].  In  brief,  the  active  materials  and  Super  P  carbon,  as 
a  conducting  material,  were  mixed  in  80:20  ratio  and  ground  for 
20  min.  The  homogenous  mixture  was  then  put  on  an  aluminum 
mesh  and  pressed  between  two  steel  cylinders.  The  aluminum 
mesh  acts  as  a  current  collector  and  provides  good  adhesion  to  the 
mixture  of  active  material.  It  is  advantageous  to  test  intrinsic 
property  of  active  electrode  materials  without  the  contribution 
from  the  binders.  There  have  been  many  fundamental  studies  on 
cathode  materials  without  the  use  of  binders,  such  as  single  particle 
electrochemistry  [43],  solid-state  pellets  for  in-situ  work  [44,45], 
and  thin  films  produced  by  sputtering  [46].  One  advantage  of 
testing  cathode  materials  without  the  binder  is  that  the  effects  and 
contributions  of  the  binder  on  electrochemical  properties  of  the 
materials  are  eliminated  [29]. 

The  cathode  was  charged  and  discharged  against  Li  metal 
electrode  that  served  as  a  counter  electrode  separated  by  Celgard 
2400  polymeric  separator  soaked  with  binary  electrolyte  consisting 
of  ethylene  carbonate  and  dimethyl  carbonate,  (50:50)  containing 
1  M  LiPF6  in  the  coin  cell  geometry.  Electrochemical  impedance 
measurements  were  carried  out  using  a  Gamry  electrochemical 
measurement  system  (EIS  300)  in  the  frequency  range  of  0.1- 
100  kFIz  with  an  AC  amplitude  of  10  mV.  The  room  temperature 
cyclic  voltammetry  (CV)  measurements  were  carried  out  using  a 
Gamry  electrochemical  system  (PFIE  200)  in  the  range  of  2.6-4.2  V 
at  different  scan  rates.  The  galvanostatic  charge  and  discharge 
measurements  were  performed  with  different  currents  in  the 
voltage  range  of  2. 2-4.2  V. 

3.  Results  and  discussion 

3.1.  X-ray  diffraction 

The  XRD  patterns  (Fig.  1 )  confirm  the  phase  purity  of  crystalline 
LiFeP04/C  samples  (A-C),  and  bare  LiFeP04  sample  (D).  Clearly,  XRD 


patterns  look  similar  and  the  Bragg  peaks  can  be  indexed  to  a  single 
and  well  crystallized  LiFeP04  phase  possessing  an  ordered  olivine 
structure  with  a  Pnma  space  group  (PDF  file  No:  40-1499).  This 
indicates  that  the  addition  of  carbon  using  surfactants  has  no 
negative  influence  on  the  formation  of  LiFeP04  crystal  structure  in 
these  samples.  The  crystallite  size  d  was  calculated  using  the 
Scherrer’s  equation:  d  =  kXK/3  cos  6 ),  where  0  is  the  corrected  full- 
width  at  half-maximum  of  the  diffraction  peak  on  the  26  scale  and  k 
is  chosen  as  a  constant  (0.9)  for  all  samples.  The  crystallite  sizes  for 
sample  A,  B,  C,  and  D  were  found  to  be  approximately  28, 30, 40  and 
50  nm,  respectively.  Thus,  the  mean  crystallite  size  of  the  LiFeP04 
decreased  when  the  fatty  acids  are  used  to  in  the  synthesis  LiFeP04/ 
C  composite  nanostructures. 

3.2.  Scanning  electron  microscopy 

Fig.  2(a)-(d)  shows  the  SEM  images  of  samples  A,  B,  C  and  D. 
The  carbon  coated  samples  show  distinctly  different  morphology 
and  microstructure  compared  to  the  bare  LiFeP04  sample.  The 
carbon  coated  samples,  particularly,  for  samples  A  and  B  prepared 
with  lauric  and  myristic  acids  show  fine  grains  (  —  0.1  pm)  with 
uniform  morphology  and  porosity  compared  to  sample  C  prepared 
with  oleic  acid  and  sample  D  (without  surfactant).  Perhaps  the 
smaller  grains  allow  shorter  diffusion  length  for  Li  ions  in  the 
intercalation/deintercalation  process,  and  thus  the  type  of  fatty 
acid  used  to  prepare  LiFeP04/C  plays  a  crucial  role  in  controlling 
the  morphology,  the  grain  size,  and  hence  electrochemical 
properties. 

3.3.  Transmission  electron  microscopy 

To  investigate  the  nature  of  the  carbon  coverage  in  the  LiFeP04/ 
C  samples,  TEM  measurements  were  performed  and  the  results 
are  shown  in  Fig.  3(a)— (d)  for  samples  A,  B,  C  and  D.  The  wiring 
effect  of  carbon  in  connecting  interfaces  between  LiFeP04  particles 
leading  to  a  remarkably  enhancement  in  electrical  conductivity, 
especially  with  uniform  carbon  coating,  has  been  reported  [39,47]. 
Samples  A-C  clearly  show  the  presence  of  carbon  coverage  around 
LiFeP04  particles  with  differing  uniformity.  The  sample  A,  pre¬ 
pared  with  lauric  acid,  shows  30-50  nm  sized  particles  coated 
with  carbon  of  —8  nm  thickness.  On  the  other  hand,  samples  B 
and  C,  prepared  with  myristic  and  oleic  acids,  show  slightly  larger 
size  particles  (50-100  nm)  with  regions  of  carbon  interspersed 
between  them. 


Fig.  1.  XRD  patterns  of  LiFeP04/C  and  LiFeP04  samples  LiFeP04/LA  (a),  LiFeP04/MA  (b), 
LiFeP04/OA  (c)  and  LiFeP04  (d). 
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Fig.  2.  SEM  images  of  LiFeP04/C  and  LiFeP04  samples  LiFeP04/LA  (a),  LiFeP04/MA  (b),  LiFeP04/0A  (c)  and  LiFeP04  (d). 


3.4.  Raman  spectroscopy 

Raman  spectroscopy  is  a  very  useful  tool  for  investigating  the 
nature  of  carbon  in  LiFeP04/C  samples.  Fig.  4(a)— (d)  shows  the 
Raman  spectra  of  carbon-coated  and  the  bare  LiFeP04  samples. 
LiFeP04  (Fig.  4(d))  shows  the  expected  internal,  bands  arising  from 
the  intra-molecular  vibrations  of  the  P04~  anion  that  occur  above 
800  cm-1,  and  the  external  modes  (lattice  vibrations),  that  occur 
below  800  cm-1  which  arise  primarily  due  to  the  vibrational  mo¬ 
tions  related  to  Fe06  and  Li06  octahedra  41,48].  The  LiFeP04/C 
samples  show  two  strong  and  broad  bands  centered  ~  1340  and 


1594  cm-1  which  are  commonly  observed  in  disordered  carbons 
and  are  labeled  as  D  and  G  bands  [48].  The  bands  due  to  LiFeP04 
particles  are  not  seen  in  these  spectra  as  the  incident  laser  power 
was  kept  low  (1  <  mW)  to  prevent  the  decomposition  of  the  sample 
due  to  laser  beam  heating,  especially  in  the  presence  of  carbon 
layer. 

The  band  at  ~  1600  cm-1,  whose  position  is  close  to  that  of  the  E2g 
mode  of  crystalline  graphite,  is  assigned  to  the  so-called  G  band,  and 
the  broad-band  at  1340  cm-1,  so  called  the  D  band  is  associated  with 
disorder  induced  mode  of  graphite  near  the  zone-edge  K  point  [49— 
51  ].  As  the  Raman  bands  in  D  and  G  region  of  the  spectra  are  broad 


Fig.  3.  TEM  images  of  LiFeP04/C  and  LiFeP04  samples  LiFeP04/LA  (a),  LiFeP04/MA  (b),  LiFeP04/0A  (c)  and  LiFeP04  (d). 
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Fig.  4.  Raman  spectra  of  LiFeP04/C  and  LiFeP04  samples  LiFeP04/LA  (a),  LiFeP04/MA 
(b),  LiFeP04/0A  (c)  and  LiFeP04  (d).  Deconvolution  of  D  and  G  bands  is  also  shown  for 
sample  LiFeP04/LA  in  (a). 

the  intensity  profiles  are  often  deconvoluted  using  four  Gaussians  or 
Gaussian-Lorentzian  lines  [46]  and  the  two  additional  bands  needed 
to  satisfactorily  fit  the  intensity  profiles  occur  - 1205  and  1520  cnrT1 
and  are  assigned  to  sp3  type  carbon  which  are  often  observed  in 
amorphous  carbonaceous  compounds.  The  intensity  ratios  of  the  D 
and  G  bands  (/D /fc)  or  the  total  intensity  associated  with  sp2  to  sp3  type 
carbon  vibrations  is  often  used  to  evaluate  the  nature  of  the  carbon 
using  the  deconvoluted  Raman  bands  [17].  We  have  fitted  the  Raman 
intensity  profiles  using  four  Gaussian-Lorentzian  lines  (for  example 
see  Fig.  4(a))  and  have  estimated  the  intensity  ratios  /d//g  and  hp2 1 
hp3  =  (J1340  +  Ji595)/(Ji205  +  Ji52o)-  For  all  the  three  samples,  A,  B,  and  C, 
we  found  very  similar  values  for  /D//G  ~2  and  ISp2lhp3  ~1.2,  which 
clearly  indicate  that  the  nature  of  the  carbon  is  very  similar  in  three 
LiFePCU/C  samples. 

3.5.  57 Fe  Mossbauer  spectroscopy 

The  room  temperature  57Fe  Mossbauer  spectra  for  carbon 
coated  samples  A-C  are  shown  in  Fig.  5(a)-(c).  All  the  samples 
show  a  dominant  symmetric  doublet  with  an  isomer  shift  (IS) 
~1.22  mm  s-1  and  a  quadruple  splitting  (QS)  of  ~2.94  mm  s_1,  in 
agreement  with  the  literature  values  for  Fe2+  high  spin  configura¬ 
tion  of  the  3d  electrons  and  the  distorted  environment  at  the  Fe 
atom  in  LiFePCU  [52-54].  In  addition,  we  notice  another  doublet 
with  IS  ~  0.42  mm  s-1  and  a  QS  ~  0.82  mm  s-1  which  is  assigned  to 
ferric  iron  in  the  sample  originating  mostly  from  amorphous  im¬ 
purity  phases  such  as  FePCU  and/or  Fe2P  produced  by  high  tem¬ 
perature  annealing  in  a  partial  reducing  environment  of  Ar/H2 
atmosphere.  As  lithium  compounds  have  higher  vapor  pressure  at 
elevated  temperatures,  the  lithium  deficiency  in  the  final  com¬ 
pound  (LiFePCU)  may  result,  even  though  stoichiometric  amounts 
of  precursors  are  used  in  the  initial  synthesis  process.  Compared  to 
LiFePCU,  the  value  of  IS  for  this  impurity  doublet  is  smaller  because 
the  removal  of  lithium  is  accompanied  by  a  decrease  of  one  of  Fe  3d 
electron  per  Fe  changing  from  high  spin  Fe2+  (in  LiFePCU)  to  high 
spin  Fe3+  (in  FeP04).  The  larger  width  of  the  peak  clearly  indicates 
the  amorphous  nature  of  this  phase. 


Velocity  (mm  s’1) 

Fig.  5.  Mossbauer  spectra  of  LiFeP04/C  samples  LiFeP04/LA  (a),  LiFeP04/MA  (b)  and 
LiFeP04/0A  (c). 

The  values  of  the  Mossbauer  parameters  and  the  composition  of 
the  phases  for  carbon-coated  samples  are  listed  in  Table  1.  It  is 
interesting  to  note  that  the  amount  of  the  Fe3+  impurity  phase 
increases  from  9%  in  sample  A  (prepared  with  lauric  acid)  to  17%  in 
the  sample  C  (prepared  with  oleic  acid).  As  discussed  later,  the 
samples  with  smaller  amount  of  impurity  phase  show  larger  ca¬ 
pacity  and  improved  electrochemical  properties. 

3.6.  Electrochemical  measurements 

Fig.  6  shows  the  Nyquist  plots  for  samples  A,  B,  C  and  D.  The 
curves  consist  of  two  distinct  parts:  a  semicircle  and  an  inclined  line. 
Based  on  a  simple  equivalent  circuit  model  the  first  intercept  of  the 
semicircle  on  the  real  part  of  the  impedance  plot  represents  the 
electrolyte  solution  resistance  Rs,  diameter  of  the  semicircle  gives 
the  value  of  charge  transfer  resistance  Rct>  and  the  inclined  line 
represents  Warburg’s  resistance,  Rw,  mainly  due  to  ion  diffusion.  As 
the  charge  transfer  at  the  lithium  surface  (anode)  is  fast  and  has  a 
high  exchange  current  density,  the  impedance  plot  is  dominated  by 
the  charge  transfer  at  the  cathode  side.  The  Rct  values  are  150,  285, 
340,  and  585  Q  for  samples  A,  B,  C,  and  D,  respectively.  Clearly,  these 


Table  1 

57Fe  Mossbauer  parameters  for  LiFeP04/C  composites  synthesized  with  long  chain 
fatty  acids  for  carbon  coating. 


Sample 

IS 

(mm  s-1 

QS 

)  (mm  s-1 

LW 

)  (mm  s-1 

Percentage 

) 

Assignment 

A  (LiFeP04  +  LA) 

1.22 

2.95 

0.28 

91% 

Fe2+ 

0.42 

0.81 

0.47 

9% 

(LiFeP04) 

Fe3+ 

B  (LiFeP04  +  MA) 

1.22 

2.92 

0.29 

87% 

Fe2+ 

0.43 

0.82 

0.70 

13% 

(LiFeP04) 

Fe3+ 

C  (LiFeP04  +  OA) 

1.23 

2.98 

0.31 

83% 

Fe2+ 

0.42 

0.80 

0.66 

17% 

(LiFeP04) 

Fe3+ 
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results  indicate  that  the  conductivity  of  LiFeP04/C  is  significantly 
higher  than  that  of  the  bare  LiFeP04,  and  the  carbon  coating  leads  to 
a  reduction  in  charge  transfer  resistance  in  LiFeP04/C  composites. 
The  presence  of  impurity  phases,  such  as  Fe2P  at  the  grain  bound¬ 
aries,  can  also  influence  the  electrical  conductivity  of  the  particles. 
Our  electrochemical  measurements,  discussed  later,  show  that  the 
particle  size,  the  degree  of  agglomeration,  and  the  nature  of  carbon 
coating  around  active  electrode  material  play  a  key  role  in  enhancing 
the  electrochemical  properties  of  the  cathode  materials  which  is  in 
good  agreement  with  previous  reports  [42,55]. 

The  electrochemical  behavior  of  LiFeP04/C  cathodes  is  charac¬ 
terized  by  cyclic  voltammetry  (CV).  Fig.  7(a)— (d)  shows  the  CV 
profiles  of  LiFeP04/C  electrodes  at  different  scan  rates  in  the  range 
of  0.2—5  mV  s-1.  The  CV  profiles  show  anodic  (charge)  and  the 
cathodic  (discharge)  peaks  corresponding  to  the  charge— discharge 
reactions  of  the  Fe2+/Fe3+  redox  couple  with  midpoint  of  —3.43  V, 


which  corresponds  to  the  open-circuit  voltage  (OCV)  of  the  LiFeP04 
electrode  [56].  The  CV  profiles  of  LiFeP04/C  (Fig.  7(a)— (c))  show 
higher  anodic  and  cathodic  peak  currents  compared  to  that  of  bare 
LiFeP04  (Fig.  7(d)).  Furthermore,  the  peak  shapes  for  the  LiFeP04/C 
samples  are  sharper  compared  to  the  electrode  prepared  with  bare 
LiFeP04,  which  has  a  broad  peak  indicating  a  slower  kinetics. 

From  the  CV  data  obtained  with  a  scanning  rate  of  0.2  mV  s_1, 
the  difference  between  the  anodic  and  cathodic  peak  voltages 
(hysteresis)  has  been  found  to  be  -0.27  V  for  samples  A  and  B, 
whereas  slightly  higher  values  of  0.31  and  0.40  V  for  samples  C  and 
D.  These  results  are  consistent  with  slower  kinetics  and  larger  over¬ 
potentials  exhibited  by  samples  C  and  D  compared  to  samples  A 
and  B.  For  small  scan  rates,  the  anodic  and  cathodic  peak  currents 
vary  nearly  linearly  with  the  square  root  of  the  scan  rate,  indicating 
that  the  Li-ion  insertion/extraction  in  LiFeP04  is  a  diffusion 
controlled  process  [56].  Fig.  8  shows  such  plots  for  anodic  currents 
in  samples  A-D.  In  the  linear  potential  sweep  voltammogram  of  a 
reversible  system,  the  peak  current  (/p  in  amperes)  can  be 
expressed  using  the  Randles-Sevcik  equation: 

Ip  =  2.69  x  105  n3/2CfiADf2v'/2  (1) 

where,  Jp  the  peak  current  value,  n  is  the  number  of  electrons  involved 
in  the  reaction  of  the  redox  couple  (for  Li1+  it  is  1 ),  is  the  concen¬ 
tration  (0.0228  mol  cm-3  in  our  case),  A  is  the  effective  working 
electrode  area  (0.5  cm2  in  our  case),  v  is  the  rate  at  which  the  potential 
is  swept  (V  s_  1 ),  and  Du  is  the  diffusion  coefficient  ( cm2  s_  1 )  of  Li+  [  57  ]. 
According  to  Eq.  ( 1 ),  /p  versus  vx  I2  is  linear  and  the  diffusion  coefficient 
can  be  estimated  from  the  slope  of  this  line,  and  is  estimated  to  be 
2.4  x  10~10,  0.98  x  10“10,  0.6  x  10“10,  and  0.9  x  10  11  cm2  s_1  for 
samples  A,  B,  C,  and  D,  respectively  (see  Fig.  8).  The  LiFeP04/C  prepared 
with  lauric  acid  (sample  A)  exhibits  the  highest  Li-ion  diffusion  co¬ 
efficient  and  the  bare  LiFeP04  (sample  D)  the  lowest. 

Coin  cells  prepared  with  LiFeP04  and  LiFeP04/C  cathodes  were 
galvanostatically  charged  and  discharged  between  2  and  4.2  V 


Fig.  7.  CV  profiles  of  LiFeP04/C  and  C-LiFeP04  samples  with  different  scan  rates. 
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versus  lithium  at  various  C-rates.  Fig.  9(a)  shows  the  charge- 
discharge  profiles  of  the  cathodes  prepared  with  samples  A,  B,  C, 
and  D  measured  at  a  rate  of  C/3.  The  flat  nature  of  the  charge- 
discharge  potential  curves  around  3.45  V  indicates  a  typical  two 
phase  nature  of  the  lithium  extraction  and  insertion  reactions  be¬ 
tween  LiFeP04  and  FeP04  [58].  The  sloped  parts  of  the  profiles  at 
the  beginning  and  at  the  end  refer  to  the  charge  transfer  activation 
and  concentration  polarizations. 

The  measured  specific  capacity  values  at  C/3  for  samples  A,  B,  C 
and  are  155,  149,  138  and  ~65  mAh  g-1,  respectively,  and  this 
observed  trend  is  consistent  with  the  charge  transfer  resistance  of 
these  samples.  This  clearly  shows  that  the  carbon  coating  of  LiFeP04 
using  surfactants  improves  the  conductivity  and  hence  the  specific 
capacity.  The  significant  improvement  observed  in  the  electro¬ 
chemical  kinetics  of  the  LiFeP04/C  composite  samples  could  be 
attributed  to  a  number  of  factors,  such  as,  improved  electrical 
conductivity,  reduced  particle  size  and  increased  porosity. 

The  rate  capability  of  the  three  samples  A,  B  and  C  was  char¬ 
acterized  by  applying  different  currents.  Fig.  9(b)  shows  the  ca¬ 
pacity  of  samples  A,  B  and  C  measured  at  C/2,  C/3,  2C  and  5C  rates 
during  every  five  cycles.  The  bare  LiFeP04  sample  showed  very  poor 
performance  and  therefore  is  not  included  here.  A  gradual  decrease 
in  discharge  capacity  with  increase  in  C  rate  is  evident,  as  is 
generally  the  case  for  all  electrodes.  This  is  attributed  to  the 
increased  IR  voltage  loss  and  higher  concentration  polarization  at 
the  electrode/electrolyte  interface  to  meet  the  fast  reaction  kinetics 
at  higher  C  rates  [59].  At  higher  C  rate  (5C),  the  supply  of  electrons 
from  the  interface  electrochemical  reaction  becomes  a  problem 
leading  to  lower  specific  capacity.  Sample  A  delivers  a  specific  ca¬ 
pacity  of  155  mAh  g-1  (C/3)  and  shows  a  similar  value  during  the 
subsequent  5  cycles  (Fig.  9(b)).  The  discharge  capacity  decreases 
while  the  over-potential  increases  with  increasing  C  rate.  At  a 
higher  current  density  of  5C,  the  sample  A  still  retains  a  discharge 
capacity  of  ~90  mAh  g_1.  Flowever,  for  samples  B  and  C  the  values 
drop  to  80  and  65  mAh  g-1,  respectively.  Clearly,  samples  B  and  C 
suffer  a  serious  capacity  loss  at  a  higher  current  density  of  5C, 
which  may  be  due  to  the  insufficient  surface  electronic  contact  in 
these  samples  compared  to  sample  A.  As  discussed  earlier,  the 
grains  are  completely  coated  with  a  uniform  carbon  layer  in  sample 
A  and  are  in  close  contact  with  other  grains. 

Samples  A,  B  and  C  show  excellent  cycling  stability  (see  Fig.  9(c)) 
with  specific  capacity  remaining  nearly  constant  over  100  cycles. 
Flowever,  sample  D  showed  somewhat  faster  degradation  in  spe¬ 
cific  capacity  over  first  few  cycles  compared  to  other  samples  and  it 


Fig.  9.  (a)  Gaivanostatic  charge-discharge  cycles  for  LiFeP04/C  and  LiFeP04  samples  at 
C/3  rate,  (b)  Capacity  at  different  rates  for  LiFeP04/C  samples,  (c)  Capacity  vs.  cycle 
number  for  LiFeP04/C  samples  at  C/3  rate. 


failed  after  40  cycles.  The  observed  excellent  cycling  characteristics 
combined  with  improved  kinetics  of  LiFeP04  confirm  the  role  of 
optimizing  the  particle  size,  porosity,  and  electrical  conductivity  of 
the  LiFeP04  electrode  material  through  effective  carbon  coating 
using  appropriate  surfactant. 


4.  Conclusions 

Nano-sized  LiFeP04/C  composites  with  improved  electro¬ 
chemical  performance  have  been  synthesized  by  a  sol— gel  method 
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using  saturated  (lauric  and  myristic  acids)  and  unsaturated  (oleic 
acid)  fatty  acids  differing  in  carbon  chain  length  as  the  sources  of 
carbon.  The  microstructural  investigation  of  LiFeP04/C  samples 
shows  that  the  particle  size  and  the  nature  of  the  carbon  coating 
depend  on  the  type  of  surfactant  used.  While  all  LiFeP04/C  samples 
prepared  with  three  different  surfactants  show  higher  specific  ca¬ 
pacity,  improved  rate  capability,  and  cycling  stability  compared  to 
the  uncoated  LiFeP04  sample,  the  LiFeP04/C  composite  prepared 
with  lauric  acid  exhibits  a  higher  discharge  capacity  compared  to 
the  samples  prepared  using  myristic  and  oleic  acids.  Addition  of 
surfactant  as  a  carbon  source,  has  two  major  advantages  1)  it  pro¬ 
vides  superior  conductive  carbon  coating  leading  to  improved 
electrochemical  performance,  and  2)  it  serves  as  an  inhibitor  for 
particle  growth,  leading  to  the  formation  of  more  uniform  sized 
nanoparticles.  Further,  our  one-pot  synthesis  process  is  a  versatile 
method  of  preparing  well  controlled  and  a  better  quality  cathode 
material.  Lauric  acid,  with  a  shorter  carbon  chain  length,  seems  to 
arrest  the  particle  growth  effectively  and  coat  the  LiFeP04  particles 
uniformly  with  carbon,  resulting  in  lower  charge  transfer  resistance 
and  higher  Li-ion  diffusion  coefficient  compared  to  other  two 
samples.  A  non-uniform  distribution  of  carbon  and  a  higher 
amount  of  ferric  impurity  phase  in  LiFeP04/C  composites  prepared 
with  myristic  and  oleic  acids  seem  to  decrease  the  charge/discharge 
capacity.  Based  on  the  results,  the  LiFeP04  coated  with  lauric  acid 
may  be  a  promising  material  for  lithium  secondary  batteries. 
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